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Introduction
Perfluorooctanoic acid (PFOA) is a perfluorinated chemical that is gradually becoming the focus of considerable concern due to its resistance to natural degradation [1] and its widespread occurrence in ecological systems [2] . This chemical is inevitably released into environmental compartments with the large-scale production of PFOA and its precursors, such as fluorotelomer alcohols and perfluoroalkyl sulfonamides [3, 4] . The distribution of PFOA in various environmental compartments, such as in air [5] , aqueous phase [6, 7] , snow [8] , sediments [9, 10] , soils [11] , biota [12] and humans [13] , has been frequently documented.
It is a ubiquitous and very challenging pollutant due to its persistence in the environment. The environmental concentration of PFOA ranges from 0.24 ng L -1 to 11.3 µg L -1 in aqueous phase [6, 7] . Generally, the adsorption capacity of PFOA on soil/sediment is low [14] . In order to reduce its risk in the environment, carbon nanotubes (CNTs) are investigated in this paper as potential adsorbents for PFOA.
CNTs consist of graphene sheets rolled into a cylinder [15] and are generally regarded as ideal candidates for widespread applications due to their unique physicochemical properties.
Commercial CNTs have potential environmental relevance as both membrane-fixed sorbents and dispersed-phase sorbents [16] [17] [18] [19] [20] . In particular, potential environmental applications of CNTs as superior sorbents have been intensively studied for a number of inorganic and organic toxic chemicals [21] [22] [23] [24] [25] [26] [27] [28] [29] . Recently, the sorption of PFOA on multi-walled carbon nanotubes (MWCNTs) with different oxygen contents has been investigated in a extended concentration range [30] . MWCNT electrodes were successful used effective have been prepared and applied in the removal of perfluorochemicals like PFOA by electrochemically Chengliang Li, Andreas Schäffer, Jean-Marie Séquaris, Krisztina László, Ajna Tóth, Etelka Tombácz, Harry Vereecken, Rong Ji, Erwin Klumpp Surface-associated metal catalyst enhances the sorption of perfluorooctanoic acid to multi-walled carbon nanotubes Journal of Colloid and Interface Science, 377, 342-346, 2012 5 even after acid washing at high temperature CNTs may contain residual metal catalyst [41] , which can be released into the aquatic environment [48] . The role of metal catalyst impurities, which released into the solutions during the sorption, in the sorption of Pb(II) on CNTs has recently been investigated [49] .
The main objective of our research was to investigate i) the sorption of PFOA on
MWCNTs at low concentrations of environmental interest and ii) the influence of surface-associated catalyst on the sorption behavior. To our knowledge, studies on CNTs with surface-associated metal catalyst have not been reported with respect to the sorption of organic pollutants. For this purpose, commercial MWCNTs containing Co/Mn/Al/Mg catalysts on the outer surface and MWCNTs with Fe-containing catalyst located within the tube are compared. In order to evaluate the role of the surface-associated catalyst, the PFOA sorption after hydrochloric acid (HCl) treatment was also investigated. Non-oxidative HCl treatment efficiently removes the catalyst from the accessible regions surface of MWCNTs. In addition, the effects of the solution parameters, such as pH and salinity, on the sorption of PFOA were studied.
Materials and methods

Chemicals
Non-labeled PFOA (96% purity) and 14 C-labeled PFOA (99% radiochemical purity and 2.04 × 10 9 Bq mmol -1 specific activity) were purchased from KMF Laborchemie Handels GmbH (Germany) and Biotrend Chemikalien GmbH (Germany), respectively. 
Batch sorption
The liquid-phase sorption-desorption experiments were performed in 16 ml volumetric Pyrex glass tubes equipped with Teflon-lined screw caps using a batch technique at 293 K. Pristine or HCl-treated MWCNTs were weighed into the glass tube and pre-wetted with 400 mL NaCl Supplementary Information, Fig S2) . The solid and liquid phases were separated by centrifugation for 20 minutes at 10,000 g. For the desorption measurements, half of the supernatant was replaced by the electrolyte solution after the completion of the sorption equilibrium experiment. The equilibration time for desorption experiments was also 48 hours.
Concentrations of PFOA in all supernatants were quantified by liquid scintillation counting (LSC). MWCNT-free control tests were also performed simultaneously. The adsorbed amount of PFOA was calculated from the concentration difference between the supernatants and the controls because the mass balance for the sorption of PFOA ranged from 97.6% to 99.5%. All experiments were performed in triplicate.
Influence of pH and salinity was investigated using 200 µg L -1 PFOA and 250 mg L -1 CP or 100 mg L -1 BA. The pH was adjusted with 1 M NaOH or HCl solutions. The salinity was set in the range of 1 to 500 mM with NaCl solution.
Radioactive determination
Aliquots of the supernatant were mixed with 4 mL of Insta-Gel Plus scintillation cocktail (USA) in 5-mL vials and counted on a Tri-Carb B 2500 liquid scintillation counter (Packard Bioscience GmbH, Germany) for 10 min (standard deviation <2%). 9 The Freundlich model (Eq. (1)) was used to fit the sorption data:
where, C s (µg g -1 ) is the amount adsorbed per unit mass of the adsorbent, C w (µg L -1 ) is the equilibrium concentration of the solute,
is the Freundlich adsorption coefficient, and n (unitless) is an indicator of the nonlinearity of the isotherm. Table 2 ). The insert in Fig.   1a shows the adsorption isotherm of PFOA on pristine BA up to 50 000 µg L -1 . In this extended concentration range the shape of the log-log plot indicates a second adsorption step where the sorption capacities close to those of Li et al. [30] were obtained.
Results and Discussion
Chengliang 2012 In the concentration range investigated (Fig. 1a ) the adsorption capacity of PFOA normalized to the surface area was significantly higher on the pristine BA than on CP, indicating that the surface area is not a limiting factor governing the sorption of PFOA on these MWCNTs. The present results also indicate that the higher Fe catalyst content of CP MWCNTs (see Table 1 ) is of no significance for the sorption in comparison with BA containing Co/Mn/Mg/Al catalysts. BA adsorbed roughly six times as much PFOA as CP at isotherms of PFOA on pristine BA up to 50 000 µg L -1 .
equilibrium concentration of 100 µg L -1 . It must be noted that the catalyst within the tubes is generally not available for the solutes from aqueous solutions [42] .
The pH of the supernatants varied in the ranges of 5.8-5.9 and 6.2-6.6 for the pristine CP and BA, respectively, during the sorption experiments. In these pH ranges, PFOA is present in an anionic form as its pK a = 0.5 [53] . Variations of the pH affect not only the ionization of surface functional groups potentially decorating the nanotubes but also more specifically the charge of the surface catalyst. This can be sensitively observed by a microelectrophoretic method. MWCNTs usually have a negative zeta potential under neutral solution conditions [54, 55] . As expected, the electrophoretic mobility (EM) of the pristine CP was The sorption results in the low PFOA concentration range investigated here thus support an electrostatic interaction where the ionic properties of the amphiphilic molecule dominate the adsorption behavior. In the absence of surface-associated metal catalyst, i.e., in case of pristine CP and HCl-treated CP and BA the adsorption may be driven by hydrophobic
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interaction and dispersion forces with the carbon skeleton of the MWCNTs [30] , resulting in weaker adsorption and lower adsorption capacities. Figure 2 shows the influence of pH on PFOA adsorption to the two pristine nanotubes. In both cases, a decreasing adsorption capacity with increasing pH value was observed in the pH range 2-12, which confirms the significance of electrostatic interaction due to the pH-sensitive surface charge. The negative surface charge increases with increasing pH, due to the carboxylic and phenolic groups decorating the surface even of pristine CNTs [33, 56] . However, the presence of a cobalt (Co) oxide phase in BA was reported by Zhang et al. [45] , which has a point of zero charge at about pH 8 [58, 59] . The surface-associated catalyst is thus positively charged in neutral and acidic conditions. As pH increases the combined effect of the deprotonation of the MWCNTs surface carboxylic groups and the decreasing positive charge of the surface-associated catalyst in the case of BA results in an electrostatic repulsion.
Influence of pH
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This essentially limits the sorption of PFOA in the neutral and alkaline pH ranges. It was also reported that increasing the pH value decreases the sorption of perfluorinated chemicals on sediments or MWCNTs due to electrostatic repulsion [14] . The further reduction of the adsorption capacity, especially in case of BA above pH 6-7, may also be caused by the increasing negative surface charge of the metallic catalyst.
3.3. Influence of salinity (ionic strength) The influence of salinity on PFOA adsorption on the pristine MWCNTs is shown in Figure 3 .
In the 0.001-0.05 M NaCl concentration range the adsorption capacity decreased with increasing salt concentration; above 0.05 M NaCl the adsorbed amount was almost constant.
Chen et al. [47] reported no impact of salinity on the sorption of neutral compounds to single-walled CNTs in solutions containing 0.02-0.1 M NaNO 3 . This trend is similar to our experience with NaCl in the same concentration range. On the other hand, an enhanced uptake of polar compounds by activated carbon fiber was detected due to the screening effect of the Chengliang Li, Andreas Schäffer, Jean-Marie Séquaris, Krisztina László, Ajna Tóth, Etelka Tombácz, Harry Vereecken, Rong Ji, Erwin Klumpp Surface-associated metal catalyst enhances the sorption of perfluorooctanoic acid to multi-walled carbon nanotubes Journal of Colloid and Interface Science, 377, 342-346, 2012 surface charge produced by salt addition [60] . Therefore, it may be hypothesized that the decrease of PFOA adsorption at low salt concentrations can be attributed to the screening of the surface charge by the salt, which induces the aggregation of MWCNTs ( In the case of BA, an adsorption competition of Cl -anions in excess with the deprotonated PFOA (0.97 µM) on the positively charged catalyst may also be involved in the observed decreased sorption at NaCl concentration lower than 0.01 M NaCl in Figure 3 .
Conclusions
The ad/desorption of PFOA was found completely reversible on pristine BA and CP nanotubes. The sorption was sensitive to the pH and the salinity of the solution. In the low PFOA concentration range the enhanced sorption capacity of the BA was attributed to the is a promising way to improve the sorption capacity of PFOA on CNTs.
